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Abstract

I/O bottlene&s are alreadya problemin manylarge-
scale applicationsthat manipulatehuge datasets. This
problemis expectedo get worseasapplicationsgetlarger,
andthe I/O subsystenperformancdags behindprocessor
and memoryspeedimprovements. Cacing 1/0O blodks is
oneeffectivewayof alleviatingdisklatenciesandthere can
be multiplelevelsof caching on a clusterof workstations.

Previous studieshaveshownthe benefitsof caching —
whetherit belocal to a particular node or a shaedglobal
cache acrossthe cluster— for certainapplications. How-
ever, we showthat while caching is usefulin somesitua-
tions, it can hurt performancef we are not careful about
whatto cache and whento bypassthe cache This paper
presentzompilationtechniquesandruntimesupportto ad-
dressthis problem. Thesetechniquesare implementeénd
evaluatedon an experimentalLinux/Rentium cluster run-
ning a parallel file system.Our resultsusinga diverseset
of applications(scientificandcommecial) demonstatethe
benefitof a discretionaryapproad to cachingfor I/O sub-
systemsnclustess, providingasmud as 33%savingsover
indiscriminatelycacdhing everythingin someapplications.

1. Introduction

As processospeedgontinueto advanceatarapidpace,
accessem thel/O subsystenareincreasinghibecominghe
bottleneckin the performanceof large-scaleapplications
that manipulatehuge datasets. Large buffers in memory
(referredto as cacheghroughoutthis paper)are one way
of alleviating this problem,provided we canachiere good
hit rates. However, unlike the traditional instruction/data
cachesthat are provisionedin the hardware of processor
architecturesl/O cachesareimplementedn softwareand
have much higher overheads. Further the levels of 1/0
cachingon someof the parallel ervironments(including
clusters)can spanmachineboundariesrequiring network
message$or cacheaccesseslt is thusvery importantto
be ableto determinewhat shouldgo into anl/O cacheand
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whenwe shouldavoid accessingt, apartfrom improving

thehit rateitself. This paperaddressethisimportantprob-

lem, presentinghe design,implementationandevaluation
of a clusterbased,parallel file systemwith an I1/O sub-
systemthat providestwo levels of discretionary caching.

The paperdemonstratethe benefitsof suchdiscretionary
cachingmechanismsvith compilerand runtime optimiza-
tions.

While the parallelismofferedby the numeroudisksin
a clustercanalleviate the I/O bandwidthproblem,it does
not really addresshelateng issuewhichis largely limited
by seekandrotationalcosts.Cachingdatablocksin mem-
oryis awell knownway of reducingl/O latenciesprovided
we canachiese goodhit rates.l/O cachingis typically im-
plementedn software (not the disk/controllercaches)and
theoverheadsf cachdookupandmaintenanceanbecome
quitehigh. Further it hasbeenshonvn[10] thatwe mayneed
multiple levelsof caching.For instancejn PPFY10], alo-
calcacheateachnodeof theparallelsystenmcatergo thein-
dividualprocessequestatthatnode,anduponamissgoes
to a sharedglobal cache(runningon one or more nodesof
the cluster)which can possiblysatisfy requestghat come
from differentnodes. On suchsystemsthe costof going
to theglobalcache— requiringa network message— and
not finding the datathere (beforegoingto the disk) might
be quite substantial. Consequentlyit becomesxtremely
importantto intelligently determinewhat to placein the
cachesandwhento avoid (i.e., bypass)the cache(partic-
ularly the cacheswhoselook up costsare higher) on 1/O
requests.This largely dependsn the dataaccesgatterns
of theworkload. To our knowledge the issueof exploiting
applicationbehaior for suchl/O cacheoptimizationson
clustershasnot beenstudiedpreviously. Therehasbeen
similar work (e.g., [11]) in the context of hardware data
CPU cachesput the costsfor 1/0 cachingare of a much
highermagnitude.

Ratherthanimplementingall the APIs/featureof afull-
fledgedparallelfile systemto investigatetheseissueswe
startwith a publicly-availableparallelfile system— PVFS
[1] — for Linux/Pentiumclusters. We have considerably
extendedthis systemto incorporatea kernel level cache
moduleat eachclusternodeto caterto all therequestgpos-
sibly differentapplications)}comingfrom that node,which
wereferto asthelocal cache We alsohave implementech
sharedglobal cache (betweernprocessesunningon differ-



entnodesof anapplicationor evenacrossapplicationsjhat
runson oneor morenodesof the cluster This globalcache
recevesrequestgrom thelocal cacheandserviceghem. If
the lookup fails in the global cacheaswell, the requests
forwardedto one or more nodeswhosedisks are usedfor
stripingthedata.

The restof this paperis organizedas follows. Section
2 identifiessomework relatedto this paper Section3 de-
scribesthe systemarchitectureandimplementatiordetails
of our 1/O subsystenon the Linux cluster togetherwith
someraw performancenumbers. The compilerbasedand
runtime-basedptimizationsarepresente@ndevaluatedn
Sections4 and5 respectrely. Finally, Section6 summa-
rizesthecontributionsof this paperanddiscussesdirections
for futurework.

2. Related Work

Softwarework on high-performanc&/O canberoughly
dividedinto threecateyories:parallelfile systemsruntime
I/O libraries, and compiler work for out-of-corecompu-
tations. A numberof groupshave studiedautomaticde-
tection and optimizationof 1/0 accessatterns(e.g., see
[14, 13] andthereferencesherein). Othershave proposed
parallelfile systemsandl/O runtime systemghat provide
users/programmersgith easy-to-usé\Pls [2, 16, 4]. While
thesesystemsllow users/programmets exploit optimiza-
tionsfor I/O, it is still in generathe users responsibilityto
selectwhich optimizationto apply and determinethe suit-
ableparametergor it. Obviously, this putsa greatburden
onusersasin mostcasest is nottrivial to selectwhatop-
timization(s)to useandthe accompaging parametersOur
work insteadtries to bring the advantagesof 1/0 caching
withoutmuchusereffort.

Therehasbeena considerabl@mountof prior work on
optimizing I/O and1/O cached5, 17, 12, 15, 6], someof
whichhasbeenon clustersaswell. Maybethemostclosely
relatedwork to oursarethe approachepresentedn three
prior systemsnamely MPI-10 [8, 3], PVFS[1], andPPFS
[10]. MPI-IO [8] is an API for parallell/O aspart of the
MPI-2 standardandcontainsfeaturesspecificallydesigned
for 1/0O parallelismandperformanceThis APl hasbeenim-
plementedor awide variety of hardwareplatformsinclud-
ing clusterd18]. Themainoptimizationgn MPI-10 arefor
non-contiguougparallelaccesseto shareddata,mainly at
theuserlevel. As aresult,theusemeeddo haveathorough
understandingf the applicationto gleanthe dataaccess
pattern,andbe familiar with the numerouscalls to invoke
the appropriateoptimizationroutine. Since MPI-IO itself
doesnotspecifyary cachingfunctionality, its responséime
is largely determinedby the cachingcapabilitiesprovided
by the underlyingfile system. PVFS[1] is a parallelfile
systenfor Linux clusterghatpresentshreedifferentAPIs,
andaccommodatefequentlyusedUNIX file tools. Its op-
timizationsfor non-contiguouslataareperhapdesspower-
ful thanMPI-10’soptimizations Thework presenteéh this
paperaugment$VFSwith alocalandglobalcachingcapa-
bility, benefitingfrom its rich original APIs. PPFJ10] is a
userlevel I/O library thathasbeenimplementedor several
parallelmachinesand clusters. This systemdiffers from
theothertwo in thatit offersruntime/adaptieoptimizations
(notjust an API) aswell in termsof caching,prefetching,
datadistribution andsharing. The differencesof our work

from PPFSarein thatwe areexaminingthebenefitsof com-
piler/runtimedirectedcachebypassingowardsoptimizing
thehit ratesof oneor moreapplicationgunningontheclus-
ter. Many of theideasfrom PPFSfor prefetchingdistribu-
tion, and sharingcanbe usedin conjunctionwith whatis
presentedhere.

3. System Architecture

Our systembuilds on the architectureof the previously
proposedParallel Virtual File System(PVFS)[1] sincewe
did notwantto re-inventthe APIs andmechanismsor pro-
viding a sharechamespaceacrosghe cluster andfacilities
for distributing/stripingthe file dataacrosshe disksof the
clusternodes PVFSalsoprovidesseamlessransparenac-
cesdo severalexisting utilities on normalfile systems.

3.1. PVFS

The original PVFSis a mainly userlevel implementa-
tion, i.e., thereis a library (libpvfs) linked to application
programswhich providesa setof interfaceroutines(API)
to distributeandretrieve datato/fromthefiles stripedacross
theclusternodes.In additionto thelibrary, PVFSusestwo
othercomponentshoth of which runasdaemon®n oneor
morenodef thecluster Oneof thesds ameta-dataener
(calledmgp), to which libpvfs sendsrequestgor meta-data
information (accessights, directories file attributes,etc.).
In addition,thereareseveralinstance®f a datasener dae-
mon(calledlOD), oneon eachof the machinesvhosedisk
is beingusedto storethe data. This daemon(againrunning
attheuserlevel) listenson socletsfor requestsrom libpvfs
functionson clientsto read/writedatafrom/toits local disk
usingnormalLinux file systemcalls. Thereaderis referred
to [1] for furtherdetailson thefunctioningof PVFS.

3.2. Overview of System Architecture

Our systempravidestwo levels of caching— a local
cacheateverynodeof theclusterwhereanapplicationpro-
cessxecutesandaglobal cachethatis sharedy different
nodes(andpossiblydifferent)applicationsacrossthe clus-
ter. The designandimplementatiorof the local cacheat
eachnodeis describedn anearlierwork [21], andherewe
quickly go over it for completenessandthen concentrate
ontheglobalcache.

3.2.1 Local Cache

Therearetwo alternatvesfor implementinghelocal cache
ateachnode.Oneoptionis to implementhecachingwithin
the library thatis linked with the application(userlevel).
However, with this approactwe do not have the flexibility
of sharingcachedatabetweenapplicationprocessesun-
ning on the samenode. This is the reasonwhy we opted
to implementthe local cachewithin the Linux kernel (a
dynamically-loadablenodule) thatcanbesharedacrossall
the processesunningon thatnode. Only whentherequest
missedn this cache(eitherall or someof the requestcan-
not be satisfiedocally), is anexternalrequesinitiated out
of thatnode eitherto theglobalcacheor to thelODs aswill
beexplainedlater Thedetailsof ourlocal cachamplemen-
tationcanbefoundin [21].



3.2.2 Global Cache

Theglobalcache asexplainedearlier addsonemorelevel
to the storagehierarchybeforethe disk at the IOD needs
to be accessedThereare numerougjuestions/alternates
whenimplementingthe global cacheandwe go over them
in thefollowing discussionexplainingtherationalebehind
thechoiceswe make specificallyin ourimplementation:

e Shouldthere bea global cachefor ead file, or should
all files shae the samecache? While there may
be some scopefor detectingaccesspatternsacross
datasetdor optimizations,our currentsystemusesa
separatglobalcachefor eachfile.

e Shouldead applicationhaveits ownglobal cache or
shouldwe shate a global cache acrossapplications?
Sinceone of our goalsis to be ableto performinter
applicationoptimizationsbasedon sharingpatterns,
we have optedto sharethe global cacheacrossappli-
cations. This canhelp one application(evenits cold
referencespenefitfrom the databroughtin earlierby
anotherfrom the cache. Thereis, however, the fear
of worsemissratesif thereis interferencebecausef
suchsharing,andtheseare pointsthat our cacheby-
passmechanismawill addresdater This featureis
onekey differencebetweerour systemandPPFS10]
wherethe global cacheis intendedfor optimizations
within theprocessesf asingleapplication.

e Shouldtheglobal cachebeimplemente@sa userpro-
cessor as a kernelmodule? The reasonfor a kernel
level implementatiorfor the local cacheis dueto the
needfor trappingall applicationrequestscoming at
that nodefrom the differentprocessewia the PVFS
calls. However, with the global cache , TCP/IP sock-
etsare being explicitly usedfor sendingmessageto
it from theindividual local cachesegardlesof which
applicationprocesss makinga call. The corvenience
andflexibility (optionof busy-waiting) of a userlevel
implementationhas led us to implementthe global
cachefor a specifiedfile asa stand-aloneuserlevel
daemorrunningon a specifiechodeof our cluster

Eachglobal cachein our systemis, thus, a userlevel
processervingrequestso a specificfile runningonaclus-
ter node, to which explicit requestsare sentby the local
cachesandis sharedy differentapplicationsTheinternal
datastructuresand actuities of the global cacheare more
or lesssimilar with thosefor thelocal cachethatwerede-
scribedearlier Onecoulddesignatesuchglobalcacheson
differentnodes(for eachfile), particularlyon thosenodes
with larger physicalmemory Consequentlythis architec-
tureis alsowell suitedto heterogeneoudustersvhereone
or r:norenodesma\yha\/e largeramountsf memorythanthe
others.

3.2.3 Reads/Writes

Figurel givesa schematioverview of our system.Let us
now briefly go over a typical read operation(there could
besomedifferencesvhenoneor morelevelsof cachingare
disabledaswill bediscussethter)to understanthow every-
thing works whenan applicationprocesson a nodemakes
a readcall, possiblyto several blocks that spandifferent

IODs. The original PVFSlibrary on the client aggreyates
therequestgo a particularlOD, beforemakinga socletre-
guest(kernelcall) to the noderunningthat|OD. Our local
cacheinterceptshis call in the kernelandchecksto seeif
all or evena partof it canbe satisfiedocally. If the entire
requestcan be satisfiedwithout a network messagethen
thedatais returnedto the PVFSlibrary andthe application
proceedsOtherwisethelocal cachemoduleaccumulates
list of requestghatneedto befetched.A subsequenies-
sageis sentto the global cachewith theserequestgNote
that this may change andthe requestsare directly sentto
IODs if the global cacheis bypassed).The multi-threaded
global cachekeepslistening on a dedicatedsoclet for re-
guestsanduponreceving sucha messagéoksupits data
structure.If it cansatisfythe requestcompletelyfrom its
memory it returnsthe datato the requestingocal cache.
Otherwisejt sendsarequesimessagéo eachof the |[ODs
holdingcorrespondindplocks,storesheblocksin its mem-
ory whenit getsresponsefrom the |ODs, andthenreturns
the necessarylatato the requestingocal cache. A write
operationworks similarly exceptthat the writes are prop-
agatedin the backgroundand controlis returnedbackas
soonasthewritesarebuffered.

The above readandwrite operationsarethe mostcom-
mon, and canbenefitsignificantlyfrom spatialandtempo-
ral locality in the caches. However, with the presenceof
multiple copiesfor datablocks,thereis theissueof coher
ence/consisteryc Theabove read/writemechanismslo not
worry aboutconsisteng, andareadsimplyreturnghevalue
in a versionof the block thatit finds (i.e., thewrite is only
propagatedo the globalcacheandlOD — ary subsequent
readto the globalcache/IODwill getthis value,but aread
from a nodethat alreadyhasthis block in its local cache
will not getthis latestvalue). In our system,we alsopro-
vide a specialversionof thewrite, calledsyncwrite, which
notonly propagateshewritesto theglobalcache/IOD put
alsoinvalidateghelocal cachesvhich have a copy (sothat
subsequenteadson thosenodescango out on the network
andgetthelatestcopy). Coherencés maintainedatablock
granularity andthusrequiresa directoryentry perblock to
keeptrack of the local cacheghat have a currentcopy of
thatblock. More detailscanbefoundin [22].

Theexperimentatesultspresentedh thispaperarefrom
a Pentium/Linuxbasedclusterof workstations.Eachnode
on this clusterhasa 800 MHz Intel Pentium-IIl (Copper
mine) microprocessowith 32KB of L1 cache,256KB of
L2 cacheand128MB of PC-133mainmemory Theglobal
cacheis run on one of the nodesthat contains384 MB of
main memory Eachnodeis also equippedwith a 20GB
Maxtorharddisk driveanda 32bitPC110/100Mbps3-Com
3c59xnetwork interfacecard. All the nodesareconnected
througha LinksysEtherfast10/100Mbpsl 6 porthuh

3.3. Performance of Primitives

Before we go ary further into our optimizations,we
would first like to presentsomeraw lateny numbersand
micro-benchmarkesultsfor read and write performance
with the presence/absena# thesecaches. For theseex-
perimentsthelocal cachesizewasfixedat2MB (500data
blocks), while the global cachesize was fixed at 40MB
(10000datablocks). Also, a stripe size of 32KB is used
in all ourexperiments.
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Figure 1. System architecture . Nodes 1..n are
the clients where one or more application pro-
cesses run, and have a local cache present.
Upon a miss, requests are either directed to
the global cache (one such entity for a file),
or is sent directl y to 10D node(s) containing
the data in the disk(s).

3.3.1 Raw Latenciesfor Reads/Writes

In thefirst setof results(seeTable 1), we give thereadla-
tenciesfor afile stripedover differentnumberof IODs (1
to 4). In thesetables,Pvf s denoteghereadlateng of the
original PVFSsystemwhichdoesnotuseary caching(local
orglobal).Local Hit indicateghelateny whentheac-
cessis satisfiedfrom local cacheandLocal M ss isthe
latengy whentheaccessnissesn thelocal cacheandis sat-
isfiedfrom oneor morelODs. Thelattercasethuscaptures
theexecutionon a systemwithout a globalcache d obal
H t andd obal M ss, on the other hand, denotethe
casewwhentheaccessnissedn thelocal cache(i.e.,alocal
cachelookup s still needed)and hits and misses respec-
tively, in theglobalcache.

Fromthesenumberswe clearly seethatthe local cache
hits(Local Hi t) cansubstantiallyjowerreadcostscom-
paredto the original PVFSimplementation.On the other
hand,if thelocality is not good, causingusto missin the
localcache(i.e.,Local M ss), theperformancdecomes
worsethanoriginal PVFSfor all requestsizesbecausef
the overheadsn looking up the local cache. This is also
suggestie thatit is not only importantto improve the hit
behaior of thelocal cache put it is alsomeaningfulto by-
passthelocal cacheon certainlookupsif we feel thatit is
goingto miss.

Whenwe next move to the scenarioswith the accesses
to global cache(missesin local cache),we first seethat

Table 1. Read times (msec) for diff erent re-
quest sizes and number of IODs (| IOD)|).

[Requesbize— [ 4K [ 8K [ T6K | 32K [ 64K | 178K ]
[TOD[ =1
PViS TO09 [ 227 [ 431 | 948 [ 19.04 | 3852
Local Hit 067 | 068 | 072 | 080| 097 | 159
Local Miss 125 | 228 | 461 | 954 | 2077 | 44.23
GlobalHit (LocalMiss) | 1.43 | 1.71 | 2.44 | 4.26 | 8.14 | 1528
GlobalMiss (LocalMiss) | 2.00 | 2.85 | 5.86 | 11.49 | 23.85 | 50.42
RequirecHR 159 | 050 | 0.45 | ‘027 | 030 033
[TOD[ =2
PViS TIZ [ 199 [ 382 | 784 14.16 | 24.09
Local Hit 074 | 083 | 1.03 | 1.38| 243 | 434
Local Miss 1.32 | 208 | 436 | 807 | 1859 | 36.49
GlobalHit (LocalMiss) | 1.51 | 1.85 | 2.62 | 501 | 832 | 17.77
GlobalMiss (LocalMiss) | 2.05 | 3.31 | 5.93 | 11.91 | 24.78 | 49.06
RequirecHR 1.72| 090 | 063 | 058 | 064 0.79
[IOD[ =3
PViS TO08 [ 183 [ 352 | 6.17 ] 1200 20.04
Local Hit 075 | 084 | 1.01 | 1.41| 242 | 450
Local Miss 131 | 235 | 448 | 819 | 18.96 | 26.90
GlobalHit (LocalMiss) | 1.23 | 1.66 | 2.45 | 4.80 | 867 | 19.26
GlobalMiss (LocalMiss) | 1.87 | 3.36 | 6.30 | 12.06 | 30.71 | 54.14
RequiredHR 1.23]| 090 ] 072 | ‘081 | 084 097
[TOD[ =4
PViS TO8 [ 163 [ 333 | 532 1064 19.06
Local Hit 0.76 | 084 | 1.01 | 1.40 | 241 | 468
Local Miss 132 | 218 | 450 | 861 | 14.47 | 21.76
GlobalHit (LocalMiss) | 1.48 | 1.67 | 2.80 | 4.70 | 9.10 | 19.50
GlobalMiss (LocalMiss) | 1.88 | 3.87 | 6.10 | 12.33 | 26.07 | 49.62
RequiredHR 2.00 | 1.01| 083 | 091 | 090 | 1.01

Table 2. Write times (msec) for diff erent re-
quest sizes and number of IODs (|IOD)).

[Requesbize— | 4K [ 8K [ 16K | 32K [ 64K [ 128K [ 256K |
[IOD[ =1

Vs 068 [ 103 [ 197 [ 395 [ 7.83 | 15.94 [ 3L.09

Caching 0.55‘ 0.56 ‘ 0.60‘ 0.96 1.05‘ 1.76 ‘ 3.15
[IOD[ =2

Pis 0.68 [ 1.27 [ 1.90 [ 3.77 | 9.86 [ 15.44 [ 29.61

Caching 0.60 | 067 | 084 | 143 [ 204 370 7.19
[TOD[ =3

PViS 068 [ T.O& [ 185 [ 362 [ 823 | 15.74 [ 29.40

Caching 0.59 | 0.68 | 0.87 | 1.37 | 2.08 | 4.01 | 7.79
[TOD[ =4

Vs 0.68 [ L.0Z [ 1.95 [ 358 [ 8.18 [ 15.87 [ 29.09

Caching 0.60 | 0.68 | 0.90 | 155 | 217 | 430 802

the global cachecanlower accesgimes, providedthe data
is presentthere, comparedto the original PVFS without
cachingin mary casegi.e., requestdargerthan4kB). It is
alsobetterthanfetchingthe datadirectly from IODs upona
local cachemiss(Local Miss). However, globalcachemiss
costsaresubstantiallyhigherthanary of theothercasede-
causeof theadditionalmessag@opthatoccursin thecriti-
cal pathandthe associatetbokupcosts.This suggestshat
if wewantto incorporateandbenefitfrom theglobalcache,
it is very importantto keepits hit rate quite high. In fact,
theRequi red HRrowsin Tablel give the minimum hit
ratesthat are neededfor eachrequestsize)to tilt the bal-
ancein favor of the global cachecomparedo the original
PVFS.A valuelargerthanl in theserows indicatethatit is
impossibleto generatdetterresultsthanthe original PVFS
usingthatrequessizeandthe numberof IODs. This again
meanghatwe needto be very carefulonwhatto putin the
globalcacheandwhento avoid goingthroughit.

Table2 givesthetimesfor write operationgo returnback
to the applicationafterthey areissuedwith differentnum-
berof I0Ds involved. We comparethe performancef the



original PVFScode(denotedPvf s) with our systemhav-
ing a local cache(denotedCachi ng). We are not sepa-
rately giving the costsasin the readtable (Table1) for the
otherscenariossthey arecomparabldo the scenariowith
alocalcachgthewritesaresimply accumulatedh thelocal
cache,anda backgroundactvity — flusher— propagates
thesewritesto eitherthe global cacheor the IOD). We can
seethatwrite stall timesaresignificantlylower becausef
this featureasis to be expected. It is to be notedthatthe
savings that will be presentedater in this paperwith our
optimizationsarenot a resultof thesenon-blockingwrites,
sincewe show savings even over the scenarioghat cache
everythingin the local/globalcachegwhich alsoperforms
non-blockingwrites).

We have also conducted experiments with micro-
benchmarkandtheir resultscanbe foundin [22]. These
resultsalsoreiteratethatit is importantto not only cacheat
eachnodelocally, but alsoat a global point, sincethis can
cover someworking setslargerthanthelocal cache.How-
ever, suchcachingturnsout to be a problemwhenthereis
poorlocality, performingworsethannot cachingatall.

3.4. Cache Bypass M echanisms

The resultsin the previous subsectionindicate that it
is importantto provision a local and a global cachefor
goodperformanceHowever, ourresultsalsoshaw thatit is
equallyimportantto be very carefulin decidingwhatdata
to placein thesecachesandwhento avoid/bypasghem.

Oursystenprovisionsmechanism$or bypassinghelo-
caland/orglobalcachedor areador write. Oursystendoes
not requireary differentread/writecalls to specify thata
cacheneedgo bebypassedincethatcangetcumbersome,
andit is not clearhow sucha mechanisntanbe effectively
usedby applicationprogrammersinstead we provide the
notion of a sggment— a certainnumberof contiguousile
blocks (unlessexplicitly statedotherwise,a sgmentof 4
blocksis usedin the experiments)}— with a setof bits de-
terminingwhatactionsto beperformedonaread/write.For
eachoperation(reador write), we have two bits, oneeach
for specifyingwhetherthatoperatiorfor thesggmentneeds
to go throughthe local cacheand anotherfor whetherit
needsto go throughthe global cache. We thus provide a
segment-level granularityfor cachebypassing.

These(sggment)bits can be setvia a systemcall that
updatesa datastructurein the underlyingkernel module
(implementingthe local cache)at eachnode. When a
read/writecall is made,this bitmap datastructureis con-
sultedto find out whetherto look up the local cache,and
whetherto routethe requesto the global cacheor directly
to the IOD. The systemcall to setthesebits caneitherbe
explicitly doneby theapplicationprogramor beinvokedby
instructionsinsertedinto the codeby the compiler These
bits canalsobe setby the runtime systembasedon previ-
ousexecutioncharacteristicsTherestof this paperexplores
thebenefitsof cachebypassingandwaysof initiating such
bypasawith the compilerandthe runtimesystem.

4. Compiler-directed Cache M anagement

An optimizing compilercan help us identify what data
shouldbe broughtinto the globalcache.lt canachieve this

usingat leasttwo stratgjies. In thefirst stratgy, the com-
piler adoptsa coarse-granulaapproactanddetermineghe
arraysthat are usedfrequentlyprogramwide. It achieves
this by estimating(at compiletime) the numberof accesses
to eacharrayin the code. More specifically for eachloop
nest,the compilercountsthe numberof referenceso each
arrayandmultipliesthesecountsby thetrip counts(number
of iterations)of all enclosingoops.If thereis a conditional
flow of control (e.g., an if-statement)within the loop, the
compilerconseratively assumeshatall possiblebranches
areequallylikely to be taken. Notethatif we have profile
dataon branchprobabilities,it is straightforvardto exploit
it for obtaininga more accurateestimate. Anotherpoten-
tial problemis the compile-timeunknavn loop bounds.In
such casesthe compiler can estimatethe numberof ac-
cessesymbolically Note that previous symbolic manip-
ulation techniquege.g., [9, 7]) canbe usedherefor this
purpose.After doing suchanalysis the compilerusesthe
globalcachefor reads/writego the files with the mostref-
erenceqdependingon how mary suchfiles canfit in the
globalcache).

An importantdravbackof this coarse-granulastratey
is thatit fails to captureshort-termlocalities. For example,
in agivenlarge,l/O-intensive applicationanarraymightbe
accessedery frequentlyin thefirst half of the application
andis not accesseth the secondpart. However, the strat-
egy describedhbore cancontinueto cachethe sgmentsof
this arrayin the secondpart of the applicationif the over
all (programwide) accessountof this arrayis largerthan
thoseof the others. Our secondstrateyy triesto eliminate
this drawbackof the coarse-graimethodby managinghe
g:ob_alcachespacein anestbhasisfocusingonsegmentgran-
ularity.

(@) (b)

Timeto Completein seconds

Timeto Completein seconds

1500
Problem Size Problem Size

Figure 2.t ontat v: impact of problem size (a)
Global cache is 20MB, (b) Global cache size
is 200MB.

Specifically in our secondstratey, the compilerdeter
minesthe blocksthat will be accessedn eachnestsepa-
rately Theids of asubsedf theseblocksarethenrecorded
attheloop headerThis subsetontainghe mostfrequently
usedblocksin the nest. By doing this, the secondstrateyy
triesto captureshort-termlocalitiesandmanagesheglobal
cachespaceat a finer granularity Then,the segmentscor-
respondingo the mostfrequentlyusedblocksarecached.
Note that this approachcan be expectedto resultin better
global cachehit ratio thanthe first stratgy. It shouldalso
be notedthat determiningthe blocksthatwill be accessed
by a loop nestis possibleasin our applicationsthereis a
one-to-onecorrespondencbetweenarraysdeclaredn the
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Figure 3. tontatv: impact of global cache
size for a problem size of 1500.

programanddisk-residenfiles (i.e., our applicationausea
separatdile for eacharraythat they manipulate). There-
fore,thecompilercanassociat¢he arrayelementsith the
blocks. Also, asin the caseof coarse-grairapproachthis
approacttantake advantageof profile data(e.g.,onbranch
probabilities)whereavailable. Further againasin the pre-
vious case,it canemploy symbolic expression[9, 7] ma-
nipulationwhenloop trip countsarenot known at compile
time.

We implementedboth thesestratgies using the SUIF
compilerinfrastructurg23] andevaluatedhemusingcodes
where dataaccessatternsare statically analyzable. We
presenhereresultswith 1/0-intensive versionsof two Spec
benchmarkst ontat v andvpent a. While the original
codesmanipulatearraysdirectly in memory we extended
themto read/writethesearraysfrom datafiles explicitly, be-
fore manipulatingthemin memory Theresultsare shavn
for t ontat v in Figures2 and3 asa functionof the prob-
lem size (local cachesize of 400KB, global cachesize of
(a) 20 MB and(b) 200 MB) andasa functionof the global
cachesize (keepingthe problemsize fixed at 1500 - this
corresponds$o matricesof size 1500*1500manipulatedn
the application),respectiely. In eachof thesefigures,we
compareheperformancef four differentexecutions:(a) a
schemewith no caching(andhenceno compileroptimiza-
tions for 1/0); (b) a schemewith local and global caches
without any compiler optimizationsfor 1/0; (c) a scheme
with local and global cachesin conjunctionwith coarse-
grain (file level) compileroptimizations,and(d) a scheme
with local andglobal cachesn conjunctionwith fine-grain
compileroptimizations.

ExaminingFigure 2(a), we find evidencein the earlier
argumentghatblindly cachingeverythingin the local and
global cachexansometimesvorsenperformance Specif-
ically, we obsere thatthe No Cachi ng alternatve does
betterthanthe Local & d obal option (i.e., caching
everything indiscriminately),especiallyat larger problem
sizes. The overhead®f goingto the global cacheand not
finding the requiredblocksin it contribute to this beha-
ior. Performingcompileroptimizationsat the coarse(file)
granularitydoesgive betterperformancehan cachingev-
erything,but it still doesworsethannot cachingarnything.
However, we canseethat compileroptimizationsat a fine
granularity getsthe benefitsof the global cache ,anddoes
turn outto beabetteralternatve thannot caching(because
it avoids consultingthe global cachewhenit feelsthe data

may not be present). This benefitimproves as the prob-
lem sizegetslarger (relative to the global cachesize). Ev-

idencefor the last statements further substantiatedvhen
we examinethe executionswith amuchlargerglobalcache
in Figure2(b). Here,the hit ratesin the global cacheare
muchhigher andthe alwayscacheoptionis a betteridea.
As the global cachegetslarger, the selectvely cacheop-

tion canpossiblylimit somedatafrom benefitingfrom this
comparedo cachingeverything.All theseobsenationsare
reiteratedwhenwe look at the impactof global cacheca-
pacity for a fixed problemsizein Figure3. The benefits
of selectve caching/bypassing much moresignificantat
smallcachesizes andthealwayscacheoptionbecomedpet-
ter only with largerglobalcachesTheresultsfor vpent a

aresimilar to mary of thoseobsenedwith t ontat v and
areshovnin [22].

In summarywe find thatdiscretionarycachingbecomes
very importantwhenthe problemsizesof applicationsget
large enough andthe working setscausanorethrashingn
the global cache.We find thata compilerbasedechnique
for modulatingwhatto place/bypasi theglobalcachecan
alleviate someof thesethrashingoroblemsandhelpusreap
the benefitsof a globalcache.Of thetwo differentpolicies
thatwe tried, we find thata finer granularityof control,is a
betteroptionthanfile level control. This is becauseaot all
blockswithin a file may have the sameaccessatternsor
accesdrequeng.

5. Runtime Cache Bypass

Sofar, we have evaluatedwo compilerbasedstratgjies
(coarse-grairand fine-grain) where our compiler decided
what to placein the global cacheand whento bypassit.
Therearemary casesvheresuchacompilerbasedstratay
maynotbedesirableor evenapplicable For example when
we do not have the sourcecodeof the application we can-
not analyzethe programand determineits accessattern
statically Similarly, in somecasesthe applicationcode
might be available but the accesgpatternit exhibits may
not be amenablego compileranalysis(e.g., dueto array-
subscripte@rrayreferencesyon-afine subscripfunctions,
or pointerarithmetic).However, in theseandsimilar cases,
it might be still possibleto optimizethe applicationusing
aruntimetechnique.A runtimetechniqueriesto evaluate
block accesdrequenciesat runtime and makes cacheby-
passingdecisiongdynamically

In this section we investigatehe effectivenesf arun-
time stratgyy for managingglobal cache. Along similar
lines, therehasbeenprior work [11] in the context of pro-
cessodatacachedor runtimebypassingisingaccesgoun-
ters. However, in this study we examinea much simpler
strat@yy sincetherearesomeproblemswvhenimplementing
schemesuchas(e.g.,[11, 19]) on our platformwherewe
have multiple levels of cachesand a miss from the local
cachemaynotatall gothroughthe globalcache.Our strat-
egy is basedon theideaof having counterswith segments.
Specifically we associate counterwith eachsegmentthat
keepsthe numberof timesthe sggmentis accessedThese
countersarecalledsegmentcountes. Whena block needs
to bebroughtinto globalcachejts sggmentcounteris com-
paredwith a pre-sethresholdvalue If thevalueof the segy-
mentcounteiis largerthanthethresholdtheblockis placed
into the global cache; otherwise,the cacheis bypassed.



Whenthelocal cachegetsthis block, it is told (eitherin the
readresponser thewrite acknavledgment}o avoid going
throughthe global cacheif it needsto be bypassedubse-
qguently Therationalebehindthis approachs thatwhena
blockis not accesseérequentlyenough placingit into the
globalcachecancausea useful(i.e., morefrequentlyused
thantheblockin question)lock to bediscardedlt should
be notedthatwe do not performany checkswhentheblock
is accessefdbr thefirst time (counterreadszero),andonly
subsequentlgoesthis schemekick in. Whena new block
is accessedhe haresteron the global cacheexaminesall
currentlyresidingblocksto find acandidatdor replacement
whosecounteris below thethresholdanddoessomeaging
of counterswhendoing so). Finally, in our currentimple-
mentation,the decisionfor a block (whetherto bypassor
not)is madeonly onceandwe do notre-evaluatethe choice
oncewe decideto bypasgheglobal cachefor a block.

The resultswith this stratgyy are givenin Figure 4 for
a global cachesize of 20 MB with two differentthresh-
old values— high (20) andlow (3). We find thatthe run-
time stratgy improvesthe performanceof global caching
for both theseextremes. The benefitsare betterat larger
problemsizeswherecachethrashingpecomesnoresignif-
icantandwe needto be carefulon whatto putin the global
cache. This is alsothe reasorwhy whenwe go to larger
problemsizes,the moreaggressie runtimeapproach(i.e.,
theonewith thehigherthresholdvalue)doesbetterthanthe
onewith the smallerthreshold.We obsenredthattypically
thresholdvaluesin therangeof 20-50leadto betterperfor
mancesincethey are more effective in weedingout what
shouldnotbe putin the global cachewithout defaultingto
theNo Cachi ng stratgy. Consequentlywe usedthresh-
old valuesin thisrangein our experiments.

@)

Timeto completein seconds

—+= Nocaching

(b)

24011 ~+ Run time(low thr eshold)
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o 500 1000 o 500 1000
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Figure 4. Runtime cache bypassing (global
cache sizeis 20 MB) (a)t ontat v. (b) vpent a.

Anothersensitvity parameteis theseggmentsize.When
thesggmentsizeis verylarge,theblocksin agivensegment
do not exhibit uniform locality, therefore,a sgment-wide
decisionmight be the wrong (suboptimal)choicefor mary
blocksin the sgment.Similarly, if the segmentsizeis very
small,we witnessedanincreasedraffic throughthe global
cache(whichin turn hurtsthe performance)lt shouldalso
bestressethatasmallseggmentsizemeansnorebookkeep-
ing and more runtime overhead. Thesetrade-ofs can be
foundin [22].

In the next setof experimentsywe measuredheimpact
of our runtime approachusinga setof applicationtraces,
wheresucha runtimeoptimizationis the only choice. The
tracesusedin this part of our experimentsare from [20],

which captureseveral diversesetof applicationexecutions
(scientificandcommercial) We evaluatedheruntimestrat-
egy usingthetracesfor the following six applicationgdue
to long run-times,only a partof thetraceswereexecuted):

e LU Thisapplicationcomputeghe denseL,U decom-
positionof an out-of-corematrix. It performsl/O us-
ing synchronousead/writeoperations. We executed
thefirst 10000ut of approximately8500read/writeso
demonstrat¢he benefitsof discretionarycaching.

e Chol esky: ThisapplicationcomputeCholesly de-
compositionfor sparse,symmetric positive-definite
matrices. It storesthe sparsematrix as panels. This
applicationperformdl/O usingsynchronousead/write
operations. We executedthe completetrace (which
containsaround400read/writeoperations).

e Titan: This is a parallel scientific databasefor
remote-sensingata. We executedall read/writeop-
erationsn thetrace.

e M ni ng: Thisapplicationtriesto extractassociation
rulesfrom retail data.We executedll read/writeoper
ationsin thetrace.Thefirst 1000out of approximately
6000readandwrite operationsvereexecuted.

e Pgrep: Thisapplicationis a parallelizationof agrep
programfrom the Universityof Arizona. We executed
all read/writeoperationsn thetrace.

e DB2: This is a parallel RDBMS (Relational
DatabaseMlanagemenSystem)from IBM. The first
60000read/writeoperationgout of nearly5000000p-
erations)vereexecuted.

w Cholesky DB2 Pgrep Titan Mining

Figure 5. Benefits of runtime bypassing on
application traces.

Figure5 shaws the executiontime of the runtime opti-
mized systemnormalizedwith respectto the systemthat
useslocal andglobal cachingwithout runtimebypass.We
canseethat the optimizedsystembenefitsall six applica-
tions,with thebenefitreductionsn executiontimes)rang-
ing betweem% and33%. Thebenefitsareparticularlysig-
nificantin applicationswith poorlocality (suchasDB2 and
M ni ng). Theseresultsreiteratethe importanceof man-
aging/bypassinthe global cachewith an effective runtime
stratgy.



6. Concluding Remarks

Cachingfor I/0 is widely recognizedhsbeingcritical for
performancenhancements large codes.Suchcachingis
typically doneat multiple levels — at the client nodes,at
the sener nodes,and perhapsvenin between. Eachhas
its advantagesaand drawvbacks. This paperhasshavn that
oneshouldnot indiscriminatelycacheall dataat all levels
of the cachinghierarchy We have demonstratedhis by
extendingan off-the-shelfparallelfile systemfor clusters,
with alocal cacheat eachnodeanda sharedglobal cache.
We have also provisionedmechanismdor bypassingeach
of thesecachesfor a read/writeoperationat a fine gran-
ularity. One could use suchmechanismeither explicitly
by the application(perhapssomeprofile basedools could
be usefulhere),or could be exploited by the compileror
theruntimesystem.In this paper we have presentedoth
compile-timeandruntimebasedstratgjiesto exploit global
cachebypassing. Using both statically analyzablecodes,
aswell asseveral public-domainl/O traces,comingfrom
diversedomainswe have demonstratethe benefitsof dis-
cretionarycachingwith theseechniqueslt shouldbenoted
that several of the previously proposed/O optimizations
suchas prefetching,datastriping/distritution, etc. canbe
usedin conjunctionwith the ideasanddiscussionsn this
paper
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